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ABSTRACT the parameters control position and shape of the water
retention equation.Two pedotransfer function (PTF) approaches can be used for ob-

If both soil basic data and soil water retention infor-taining the analytical expression of the whole retention curve: (i) soil
basic data is used to estimate soil water retention at specific water mation are available for a set of samples, two approaches
potentials; and then an analytical expression of the retention curve can be used to estimate the relationship between the
is fitted to the estimated soil moisture values; and (ii) soil basic data parameters of an analytical equation of soil water reten-
is used for estimating the parameters of an analytical expression of tion and soil basic data: (i) fit the parameters of the
water retention curves. The objective of this study was to compare analytical equation to measured values for each sample
the performance of both techniques using data representing the main

of the data set; (ii) build a table relating those parame-Brazilian soils. First, we derived PTFs for the parameters of van
ters to their corresponding soil basic data; and (iii) de-Genuchten equation and for water contents at �6, �10, �33, �100,
velop a relationship between fitted parameters and soiland �1500 kPa for the same development data set. Second, we com-
basic data. The second approach is: (i) build a relation-pared the performance of both techniques for the same validation

data set. The approach, based on the estimation of water contents at ship between water contents at selected soil water po-
specific water potentials, provided better results: for the validation tentials and soil basic data; and (ii) fit the parameters of
data set, this technique showed an average root mean squared error the analytical water retention equation to the estimated
of 0.036 m3 m�3, compared with an averaged error of 0.098 m3 m�3

water contents. In other words, the first approach fits
of the technique based on the direct estimation of van Genuchten the analytical curve first, and uses PTF estimations later,parameters. A possible explanation for this result might be related

whereas the second approach uses PTF estimation firstto the fact that soil moisture is controlled by different independent
and fits the analytical curve later.variables at different ranges of soil water potential, and those differ-

Both approaches have been widely used for variousences are not directly related to the van Genuchten parameters.
databases. The first approach, referred to as the para-
metric in this paper, has been used in the PTFs develop-
ment, for instance, by Vereecken et al. (1989), SchaapKnowledge of soil hydraulic properties is needed
et al. (1998), Minasny et al. (1999), and Wösten et al.for many applications in hydrology, agronomy, me-
(2001). The second technique, referred to as the point-teorology, ecology, and environmental protection. Dur-
based in this paper, was used in PTFs developed bying a preliminary design of research on small plots, or in
Baumer (1992). For Brazilian soils, point-based PTFslarge project areas where measurements are impractical
have been developed by Tomasella and Hodnett (1998)(Carter and Bentley, 1991), soil hydraulic properties
and by van den Berg et al. (1997). More recently, Toma-need to be estimated by the use of PTFs. The term
sella et al. (2000) developed a PTF based on the para-pedotransfer function was first introduced for empirical

regression equations relating water and solute transport metric approach.
parameters to the basic soil properties that are available There are indications that the parametric approach
in soil surveys (Bouma, 1989). Developing PTFs is a may lead to lower accuracy in water retention predic-
growing field, as seen in recent reviews (Rawls et al., tions compared with the point-based approach. Reasons
1991; van Genuchten and Leij, 1992; Pachepsky et al., for that may be (i) soil water retention in different
1999; Wösten et al., 2001). ranges of soil water potential is affected by different

The soil water retention curve, one of the hydraulic basic soil properties (Visser, 1969), and (ii) coefficients
properties often estimated with PTFs, describes the de- obtained from fitting the retention equation to data
pendence of soil water content on soil water potential. may have low reliability due to the inherent correlation
This dependence is usually represented by an analytical between those coefficients or due to nonuniform distri-
equation, with a small number of parameters. The water bution of soil water potential levels at which the water
retention equation is fitted to soil water retention mea- retention was measured (Vereecken et al., 1989; Schei-
surements adjusting its parameters to match, as close nost et al., 1997). On the other hand, Vereecken et al.
as possible, measured water retention values. Therefore, (1992) have argued that parametric technique (i) facili-

tates efficient comparisons among soils, and (ii) the de-
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data coming from different sources, resulting in 838 measuredous laboratories in which different soil water potentials
water release curves.were used.

Physical and chemical properties were determined usingThe performance of PTFs, either based on the para-
the methodology recommended in EMBRAPA’s (1997) soilmetric or point-based approach, is usually analyzed
survey manual. Basic soil properties included four texturecomparing the quality of the estimations when applied fractions: coarse sand (2–0.2 mm), fine sand (0.2–0.05 mm),

on a particular soil data set (Schaap and Leij, 1998). It silt (0.05–0.002 mm), and clay (�0.002 mm); organic C content,
is important to note, however, that those PTFs were moisture equivalent, and bulk density. Water release data
developed from different data sets, and their predictive were obtained from undisturbed soil cores (minimum internal

volume of 50 cm2) using the same methodology: tension tablesability is somewhat related to the similarity between the
between saturation and �10 kPa, and pressure chambers be-data set used in the developing and testing of the PTF
tween �10 kPa and �1500 kPa. Bulk density was determined(Tomasella et al., 2000).
after drying soil cores at 105�C for 24 h, and particle densityHowever, we are not aware of any study comparing
(when available) by volumetric flask. Porosity was derivedthe accuracy of the parametric and point-based tech- from the bulk density and particle density. The pipette method

niques when developed and tested using the same data was used to determine silt and clay fraction, sand fractions
set. Therefore, the objective of this study was to com- were separated by dry sieving. Organic C was estimated by
pare parametric and point-based approaches to develop wet digestion with acid dichromate automatic titration in iron

sulfate. Organic C is usually correlated with organic matterPTFs for soil water retention using a comprehensive
in Brazilian soils. For this reason, EMBRAPA’s (1997) soildatabase on water retention of Brazilian soils.
survey manual recommends to derive organic matter assuming
that organic C constitutes about 58% of the mean compositionMATERIALS AND METHODS
of humus. For this reason, we selected organic C, a direct mea-

We used the database of Tomasella et al. (2000), augmented sured variable, rather than organic matter, as an independent
with new data to represent a greater variety of Brazilian soil variable in the PTF. Finally, moisture equivalent was deter-
types (Fig. 1). Since water retention is not standard informa- mined as the gravimetric moisture content remaining in a dis-

turbed soil sample after centrifuging at 2400 rpm for 30 min.tion in Brazilian soil surveys, Tomasella et al. (2000) selected

Fig. 1. Geographic domain where soil water retention data was available for this work. The map also shows the main geographical regions of
Brazil, namely SO–South, SE–Southeast, CW–Center West, NE–Northeast, and NO–North.
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Since soil retention data came from different sources, only for PTF development can be found in Pachepsky and Rawls
(1999) and Pachepsky et al. (1998). The version of the GMDHthose samples defined by at least five pairs of water retention

points were included in the database (Tomasella et al., 2000). used in this paper is coded in the commercial software Mod-
elQuest (AbTech Corp, 1996), that uses the following pre-This minimum was arbitrary selected because analytical reten-

tion curves commonly used have four or less parameters. To dicted squared error criteria, PSE:
derive PTFs with parametric and point-based approaches, the

PSE � SSE � CM(2k/T), [2]following steps were taken.
Step 1. Soil retention data for the 838 samples available in where SSE is the sum of squared errors, CM is the complexity

the database were fitted to the analytical equation proposed penalty multiplier, k is the number of terms in the network
by van Genuchten (1980): model, T is the number of training observations. The value

of CM is found by optimization so that the model with smallest
number of nodes is found to provide the minimum absolute� �

�0 � �r

[1 � (�|h|)n]1�1/n
� �r, [1]

error. The development data set was used to derive the PTFs.
Step 5. The PTF from the point-based method was used towhere � is the volumetric water content [m3 m�3], h is the compute water contents at selected potentials in the testingwater potential [kPa]; �0 is the saturated water content, �r is data set, then van Genuchten equation parameters were fittedthe residual water contents, � and n are parameters governing to computed water contents for each sample, and subse-position and shape of the water retention curve. In this study, quently, water contents at the selected potentials were com-van Genuchten parameters �0, �t, �, and n were estimated using puted with this equation. The PTF from the parametric ap-the RETC code for quantifying the hydraulic conductivity of proach was also applied in the testing data set to estimate vanunsaturated soils (van Genuchten et al., 1991). Genuchten parameters from basic soil properties, and thenStep 2. We created a homogeneous data set to be used in water contents at the selected potentials were estimated fromthe point-based method. Since the number of points and the this equation.specific water potentials differed between data sources, water Step 6. For individual water contents, the accuracy for thepotential values selected for developing PTFs for the point- two approaches was compared using the root mean squared

based approach were: zero, �6 kPa, �10 kPa, �33 kPa, �100 error, RMSE:
kPa, and �1500 kPa. Moisture contents at those potentials
were measured in all available curves, except for the moisture

RMSE �
(�m � �p)2

ND
, [3]content at �6 kPa water potential that was not measured in

43% of the total number of water release curves. Therefore,
the point-based equation for �6 kPa water potential was de- where the subscripts m and p indicate predicted and measured
rived and validated from 477 data-points, compared with a soil moisture values, respectively, and ND is the number of
total of 838 data points used on other potentials. Porosity was data points.
assumed to be equal to water content at saturation, and was For comparing water retention curves, the root mean
derived from bulk and particle densities. Since some sources squared difference, RMSD, (Tietje and Tapkenhinrichs, 1993)
did not provide particle density data, the porosity was not was used:
available on nine of the 838 water release data available, and
only 829 data points were used in the derivation and validation RMSD � � 1

d � c �
d

c

(�m � �p)2 dh, [4]
for porosity.

Step 3. The development and testing data sets were created.
where c and d define the integration interval. As suggestedFirst, the whole dataset was subdivided into regional data-
by Tietje and Tapkenhinrichs (1993), the integrals were calcu-bases. This strategy was adopted since Brazil has a wide variety
lated using log10(h), and for this reason porosity was assumedof climate, vegetation, and geological environments, and pedo-
to correspond to water the content at a potential of �0.01genetic processes are quite different along the country. Brazil
kPa. Since the RMSD is an integrated statistic that takes intois divided in five regions (Fig. 1): the Northeast, which is
account the whole range of water potentials, it is useful tobroadly speaking semiarid; the North, covered by the tropical
exam if point-based estimations provide accurate estimationsrainforest; the South, which is a more temperate environment;
of individual water content but fail in reproducing the shapethe Center-West, mainly dominated by the cerrado (savanna);
of the retention curve. Performances between both techniquesand the Southeast, which is a transition between the savanna
were tested using the F statistics, as suggested by Rajkai etand a temperate climate. Second, each regional dataset was
al. (1996).split randomly into development (75%) and testing (25%)

regional subsets. Finally, regional development (testing) data
sets were combined in one national development (testing) RESULTS
data set. This procedure ensured that both development and
testing data sets cover all country regions. The t test for both the development and validation

Step 4. The PTF equations were derived relating (i) water data demonstrated that the groups were not significantly
contents at selected water potential to soil basic data for the different (Table 1). Except for the fine sand values, all
point-based approach, and (ii) the van Genuchten parameters values from testing data set were within the ranges found
to soil basic data for the parametric approach. in the development data set. The texture distribution

The group method of data handling (GMDH) was used to in both the development and validation data sets is
develop the PTF equation. The GMDH is a heuristic, neuro- typical for Brazilian soils (Fig. 2), since they are usuallynet type regression technique that retains only essential input

clayey, low-density, kaolinitic, with relatively low siltvariables in a flexible net of polynomial regression equations
content varying between 10-20%, and rarely exceeding(Farrow, 1984). The GMDH provides an automated selection
40%. As was noted by Tomasella et al. (2000), mostof essential input variables and builds hierarchical polynomial
Brazilian tropical soils are quite different in terms ofregressions, usually with fewer nodes than artificial neural

networks. More details about the application of the GMDH texture characteristics, with strong implications on soil
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Table 1. Statistics of variables used on the development and validation of the pedotransfer function. Ranges of soil texture correspond
to the USDA classification.

Coarse Fine Moisture Bulk
Statistics sand sand Silt Clay Organic C equivalent density

% g g�1 g cm�3

Development

Mean 19.92 14.54 16.29 49.25 0.95 0.25 1.25
SD 18.65 12.37 15.37 23.38 0.85 0.11 0.21
Max. 74.60 65.00 71.00 96.00 6.39 0.53 1.91
Min. 0.00 0.00 0.00 1.70 0.00 0.02 0.72

Validation
Mean 15.76 13.37 21.44 49.42 1.33 0.28 1.19
SD 16.77 15.91 14.52 20.14 0.99 0.13 0.22
Max. 76.00 72.00 67.00 79.38 4.18 0.55 1.65
Min. 0.00 0.00 1.00 7.00 0.22 0.03 0.72

water behavior, compared with soils of temperate cli- similar agreement between observed and estimated
moisture content in both the testing and the develop-mate. For a quick comparison, see for instance Fig. 1

of Tiejte and Tapkenhinrichs (1993) or Fig. 1 of Schaap ment data sets (Table 4). On the other hand, the accu-
racy of the PTF based on the parametric technique toand Leij (1998).

The van Genuchten equation fitted Brazilian water the testing data set was substantially lower compared
with the development data set (Table 4). The perfor-retention data with high accuracy (Table 2), similar in

quality with the fittings of Schaap et al. (1998). These mance of the point-based technique was superior at all
levels of soil water potentials and for integrated waterresults clearly indicate that the van Genuchten equation

was suitable for fitting water retention data of Brazil- retention curves (Table 4).
ian soils.

PTFs developed with the GMDH for point-based and DISCUSSIONparametric methods are given in the Appendix. The four
fractions of texture, organic C, and moisture equivalent Application of two methods to estimate soil water

retention gave strikingly different results, even thoughwere used as predictors in the development of the PTFs
(Table 3). We also tried to use the cation exchange the equation to fit water retention curves and soil survey

data used as predictors were the same for both methods.capacity as a predictor but did not find a significant
improvement (data not shown). Coarser texture frac- Accuracy of each method with Brazilian data set was

similar to the accuracy of that method applied to othertions served as predictors for high water potential,
whereas fine fractions worked as predictors at low (large data sets. For example, Ahuja et al. (1985) applied the

point-based estimation to the Southern plain databasenegative) potentials. The absolute error of the estima-
tion decreased as the water potential decreases. With and obtained the accuracy of about 0.05 m3 m�3. Schaap

and Leij (1998) applied the parametric estimationthe parametric method, the estimates were reasonably
accurate for the �0 parameter and slightly less accurate method to three databases and obtained overall RMSE

of ≈0.1 m3 m�3. These values are close to the valuesfor the �r parameter. Predictors of �0 were the same as
those used for porosity, and the accuracy of the estima- in Table 4.

Data in Table 3 indicate that the coarse-textured frac-tion was very similar for both. Estimation of log � and
log n resulted in R2 much lower than the estimation of tions affect water contents near saturation, and fine

fractions were more relevant at lower moisture content.�0 and �r. The list of predictors in the final equation for
� suggests that its value was affected by a combination Similar results were found with other soil hydraulic data-

bases (Rawls et al., 1991).of independent variables that control the moisture val-
ues at both high and low water potentials. Values of n Organic C was not selected by the GMDH algorithm

to be an essential input variable in PTFs, although it wasappeared to be controlled mainly by the bulk density
and the moisture equivalent. presented in the list of possible inputs for the GMDH to

build PTFs. One possible reason is that not only quantityThe application of the point-based PTF showed a

Table 2. Accuracy of the van Genuchten equation fitted to the
water retention data for the complete data set in terms of the
root mean squared difference, RMSD (value in parenthesis),
and the root mean squared error, RMSE.

Variable (RMSD)/RMSE

m3 m�3

Retention curve (0.013)
Porosity 0.003
�6 kPa 0.008
�10 kPa 0.006
�33 kPa 0.009
�100 kPa 0.010Fig. 2. Texture of samples in the development and testing soil data
�1500 kPa 0.007sets in this study.
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Table 3. Performance of the pedotransfer functions developed with the group method of data handling algorithm in terms of the root
mean squared error, RMSE, and the determination coefficient, R2.

Development data set Testing data set

Variable RMSE R2 RMSE R2 Predictors¶

Point-based approach

0 kPa 0.040 0.915 0.042 0.887 CS, S, Db

�6 kPa 0.035 0.954 0.046 0.892 CS, S, Me, Db

�10 kPa 0.031 0.960 0.037 0.958 S, Me, Db

�33 kPa 0.021 0.979 0.024 0.982 Me, Db

�100 kPa 0.020 0.977 0.030 0.958 C, Me, Db

�1500 kPa 0.025 0.955 0.037 0.938 C, Me, Db

Parameter-based approach

�0 0.040 0.917 0.039 0.905 CS, S, Db

�r 0.062 0.791 0.111 0.461 S, Me
Log10 � 0.630 0.602 0.951 0.404 CS, FS, S, C, Me, Db

Log10 n 0.068 0.526 0.097 0.345 CS, Me, Db

¶ CS, coarse sand content; FS, fine sand content; S, silt content; C, clay content; Me, moisture equivalent; Db, dry bulk density.

but also quality of organic matter content affects soil Brazilian soils (Tables 2, 4). Recently Rawls and Pa-
chepsky (2002) have applied regression tree techniquewater retention. Rawls et al. (2003) compared relative

effects of organic matter on water retention using PTFs to NRCS database and have shown that using categori-
cal information about soil structure can improve esti-developed in different regions, and found large regional

differences. Our database encompasses several regions mates of water retention.
One reason for the significance of structure for hy-with vastly different combinations of soil-forming fac-

tors. Another reason may be that the moisture equiva- draulic properties of Brazilian soils may be the relatively
low content of silt fraction as compared with soils fromlent and bulk density together make the use of organic

matter in PTFs unnecessary. We may have encountered the temperate climate regions. The domination of very
coarse and very fine particles over particles of the inter-the same situation as Bloemen (1980), who has demon-

strated that bulk density effectively substituted organic mediate sizes makes the particle packing patterns very
important for hydraulic properties. We note that suchmatter content in PTF development with his data set.

Variations in accuracy in Table 4 can be partly ex- features in texture can be found in other tropical soils
(MacLean and Yager, 1972; Babalola, 1978).plained by the inability of PTFs in capturing differences

in structure using the set of predictors that we had. The Several factors could contribute in the superiority of
the point over the parametric method in this work. Thelow accuracy of the van Genuchten parameter estimates

with this type of predictors has been observed with other difference in data used could not contribute since the
same dataset has been used to calibrate and validatesoil hydraulic databases (Pachepsky et al., 1996; Schaap

et al., 1998). It is possible that those parameters reflect both methods, and both point and parametric data were
optimized using sum of squared differences betweensoil structure rather than soil texture. The importance

of structure for water retention of Brazilian soils is sup- measured and simulated water contents. It is theoreti-
cally possible (but hardly probable) that regression-ported by the fact that both bulk density and moisture

equivalent, which are indirect indications of structure, based GMDH method would perform better on point
data than on parametric data.appears in the point-based equations at all soil water

potentials. Descriptions of soil structure can be found It is well known that a group of basic soil properties
are more important in the wet range of the water reten-in soil survey databases, but these descriptions are given

in categorical rather than in numerical form. Using cat- tion curve, while other properties control the variability
on the dry range. Shape parameters of the analyticalegorical structural data to estimate van Genuchten’s

parameters presents an interesting issue to explore, con- water retention curve, on the other hand, describe its
behavior both in the dry and wet range. Therefore, thesidering that van Genuchten’s equation showed an ex-

cellent performance for fitting water retention data of most probable explanation for a better performance

Table 4. Performance of point-based and parametric water retention estimation for the development and testing data set.

Development data set Testing data set

Statistic Point-based Parametric F value Point-based Parametric F value

RMSD† 0.087** 0.182** 2.021 0.087** 0.206** 2.271
RMSE‡ (porosity) 0.040 0.116 1.008 0.042 0.039 0.927
RMSE (�6 kPa) 0.035** 0.111** 3.311 0.046** 0.129** 2.831
RMSE (�10 kPa) 0.031** 0.092** 3.621 0.037** 0.125** 3.353
RMSE (�33 kPa) 0.021** 0.075** 4.390 0.024** 0.113** 4.621
RMSE (�100 kPa) 0.020** 0.055** 3.692 0.030** 0.102** 3.370
RMSE (�1500 kPa) 0.025** 0.182** 2.173 0.037** 0.079** 2.118

** According to the Fisher test, the sum of squared errors at the same potential for the point-based and parametric techniques are statistically different
at P � 0.01.

† RMSD, root mean squared difference.
‡ RMSE, root mean squared error.
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of the point over the parametric method is that the x6 � �6.03516 � 4.81197 � Db

relationship between water retention parameters and
z1 � 4.25417x1 � 2.72322x2 � 3.07242x3basic soil properties is highly complex and cannot be

� 5.00093x4 � 0.195062x5 � 0.377081x6accurate described by the parametric method.
We note that Schaap and Bouten (1996) made a simi- z2 � 0.110144 � 0.640373z1 � 1.16884(z1)2

lar comparison and did not observe such large differ-
� 0.155394x4 � 0.358591z1x4ences between two methods. However, their database

consisted mostly of coarse soils, whereas our database �1.00996(z1)2x4 � 0.126617 (x4)3

contained soils with wide range of textures. Minasny et
� � 10 0.0736768 � 0.789068z2al. (1999) also made a similar comparison and saw the

need in improving of parameter estimates by refitting z3 � 0.37398x1 � 0.0940338(x1)3 � 0.838535x1x5
the van Genuchten equation to actual data points.

� 0.590525 (x1)2x5 � 0.76113 (x5)2

� 0.789465x1(x5)2 � 0.273647(x5)3
CONCLUSIONS

� 0.512764x6 � 0.455363x1x6 � 0.38428(x1)2x6Overall, the point-based method was superior to the
parametric method of PTF development for Brazilian � 0.731809x5x6 � 1.00484x1x5x6 � 0.172341(x5)2x6

soils. This might be explained by the fact that moisture
� 0.219746(x6)2 � 0.367679x1(x6)2 � 0.131251(x6)3

content is controlled by different independent variables
z4 � �0.360294 � 0.76878z3 � 0.0770122(z3)3at different water potentials in Brazilian soils, and the

PTF developed for point-based method allows for a
� 0.193142x2 � 0.121583z3x2more appropriate combination of those independent
� 0.0889415(z3)2x2 � 0.284168(x2)2variables. The PTF developed for the parametric ap-

proach, particularly for the estimations of the parame- � 0.0674767(x2)3 � 0.202897x3 � 0.341951z3x3
ters log � and log n, needs to take into account the

� 0.270616x2x3 � 0.0880845(x2)2x3 � 0.24982(x3)2whole range of soil water potentials, and the relation-
ships between the parameters and the independent � 0.102658x2(x3)2 � 0.0801841(x3)3

variables are apparently not straightforward. Further
n � 10 0.140543 � 0.0797516z4

comparisons are necessary to determine whether this
conclusion holds for soil from regions with temperate z5 � 0.164417 � 0.126139 (x1)2 � 0.281797x3
climate.

� 0.484823x1x3 � 0.293866 (x3)2
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z6 � 0.12867 � 0.492412x3 � 0.787425x5

APPENDIX: ALGORITHMS TO ESTIMATE
� 0.235254x3x5;VAN GENUCHTEN’S PARAMETERS AND

�r � 0.161487 � 0.101111 � z6VOLUMETRIC WATER CONTENT AT
SELECTED SOIL WATER POTENTIALS x7 � �1.0553 � 0.0533922 � CS

Symbols: CS, coarse sand (%); FS, fine sand (%); S, silt x8 � �1.07131 � 0.0649731 � S(%); C, clay (%); Db, bulk density (g cm�3); Me, moisture
equivalent (%); �0, �, n, and �r, parameters in the van Genuch- x9 � �6.18145 � 4.95385 � Db
ten equation; �0, �6, �10, �33, �100, and �1500, volumetric water

z7 � 0.159379 � 0.137397(x7)2 � 0.265398x8contents at 0, 6, 10, 33, 100, and 1500 kPa, respectively; x1–x17,
and z1–z13, auxiliary variables. � 0.519965x7x8 � 0.276027(x8)2 � 0.362393x7(x8)2

� 0.702969x9 � 0.222252x8x9 � 0.244634x7x8x9GMDH-Generated Algorithms
� 0.092267x7(x9)2 � 0.0332669(x9)3

x1 � �1.0679 � 0.0536107 � CS �0 � 0.517589 � 0.0994301z7

x2 � �1.17468 � 0.0808098 � FS x10 � �1.17152 � 0.0500892 � CS
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